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Introduction
The majority of synapses in the CNS release the excitResults atory transmitter glutamate, which acts on a variety of receptor subtypes. Classically, it is proposed that at If the spillover of glutamate explains the existence of most of these synapses glutamate binds to AMPA re-NMDAR-only EPSCs and all synapses contain both ceptors (AMPARs) and NMDA receptors (NMDARs), NMDARs and AMPARs, an anatomical arrangement which are colocalized at excitatory synapses. However, must exist in which there are synapses in close proximity recent physiological evidence has suggested that a popof one another but on separate neurons, since release ulation of synapses may possess NMDARs but lack of glutamate from any synapse on the same neuron functional AMPARs and, therefore, are silent at the restwould always activate AMPARs and yield an AMPAR ing membrane potential. Furthermore, it has been pro-EPSC (Figure 1 ). Thus, we reasoned that if we could posed that the conversion of these silent synapses to design a condition in which such spillover between neuones containing functional AMPARs may be critically rons could not occur, the presence of NMDAR-only important for the expression of long-term potentiation EPSCs would be strong support for the existence of (LTP) (Isaac et mate cannot explain NMDAR-only EPSCs because all However, an alternative "spillover" hypothesis has synaptic responses to released glutamate will be debeen proposed to explain the existence of these posttected by the recording electrode. This arrangement synaptically silent synapses (Kullmann et al., 1996) . Spedoes not exclude the possibility that spillover could occifically, it has been argued that glutamate released from cur between synapses, but it does exclude spillover as a basis for an NMDAR-only EPSC (see Figure 1) . We therefore cultured neurons in isolation and looked for
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the existence of NMDAR-only EPSCs. All experiments We first compared the variation, calculated as the mean 2 /variance, of the evoked AMPAR EPSC to that of the NMDAR EPSC. If there are synapses that have only rising AMPAR component of the response. An average of these AMPAR-containing mEPSCs reveals a slow tail, NMDARs in addition to synapses that have both AMPARs and NMDARs, then the variation of the NMDAR which is due to the activation of NMDARs presumably colocalized at the same synapse ( Figure 3A ). When the EPSC should be less (mean 2 /variance will be greater) than that of the AMPAR EPSC (Kullmann, 1994 Figure 3A) . A summary of a number ence of both antagonists has been subtracted from the records shown in Figure 2A2 . The entire experiment is of cells with such a within cell comparison is graphed in Figure 3B . This discrepancy was also seen when amplotted in Figure 2B , and it is clear that the variation of the size of the AMPAR EPSCs is greater than that of plitudes of the two components were compared rather than charge transfer. The NMDAR/AMPAR amplitude the NMDAR EPSCs. and to provide independent, nonelectrophysiological evidence for a population of NMDAR-only synapses, we mEPSCs that lack AMPARs and were not included in used immunocytochemical staining of AMPARs (antithe mEPSC average. We therefore did a detailed study GluR1) and NMDARs (anti-NR1) on our single cell culof the spontaneous synaptic activity in these cells to tures. The NR1 subunit is an essential subunit for all determine if some of these spontaneous events might functional NMDARs, and GluR1 has been shown to cololack the AMPAR component of the response.
calize precisely with the other AMPAR subunits (GluR2/ Such an analysis of spontaneous synaptic currents 3) expressed in hippocampal cultures (Craig et al., 1993) . indicated that there are fast rising and decaying events, Figure 6 shows results from a typical autapse in which almost always followed by slowly decaying, noisy events, synapses were identified by the presynaptic marker synas well as slowly rising and decaying events that lack aptophysin (A) lacked punctate immunoreactivity for GluR1 (green punpuncta that do not colocalize with GluR1 puncta would be a population of synapses with faint puncta for both cta). Interestingly, on another segment of dendrite shown in (C), most of the synapses contained both NR1 and GluR1, with GluR1 puncta simply falling below the detection limit. This idea is not consistent with the GluR1 and NR1 puncta. In this cell the NR1-only puncta were not randomly distributed throughout the dendritic finding that synapses classed as containing or lacking GluR1 puncta on the basis of strong or faint GluR1 stainprocesses, although on other cells there was intermingling of NR1-only puncta with the colocalized NR1 and ing showed no difference in fluorescence intensity for NR1 within the NR1 puncta ( Figure 7C) . Thus, the synGluR1 puncta. On average, NR1-only synapses were found at a density of 9/100 m of dendrite, while synapses with the lowest levels of AMPAR staining, comparable to the diffuse extrasynaptic staining of dendritic apses that contained both GluR1 and NR1 puncta occurred at a density of 49/100 m of dendrite. A minority shafts, show a normal complement of NMDARs and presumably account for the physiologically silent synapses of synapses contained only GluR1 puncta, and these were found at a density of 2/100 m of dendrite. The recorded from these cells. The immunocytochemical and physiological evidence in support of silent synapses anatomical fraction of synapses that have only NR1 puncta is 16%. These results complement our physionow extends to both the single cell culture preparation and the multiply innervated low density cultures. Thus, logical data and suggest that the NMDAR-only mEPSCs that we recorded are generated by synapses that conthe evidence in support of silent synapses is not a consequence of the single cell culture preparation. tain high levels of NMDARs but not AMPARs.
In all of the preceding experiments, the neurons were grown on glial cells. While these cultures are ideally Discussion suited for electrophysiological recordings, they are suboptimal for immunocytochemistry because the underlyRecent electrophysiological studies in hippocampal slices (Isaac et synapses. However, a plausible alternative explanation for these NMDAR-only synaptic responses is that glutaSpontaneous synaptic events were common in these neurons, and as in the single cell cultures, there were mate can spill over from neighboring synapses and because of the 100-fold higher affinity of glutamate for events that had fast and slow components and also events that had only the slow component ( Figure 7A) . NMDARs over AMPARs, only an NMDAR response is generated (Kullmann et al., 1996) . To address the issue The finding that the rise time of the average of the slow events is the same as the rise time of events recorded of spillover, we used single cell cultures, a condition in which spillover could not explain an NMDAR-only in the presence of NBQX confirms that these slow events are NMDAR-only mEPSCs. Immunocytochemical stainsynaptic response. Using these single cell cultures, we first compared ing of sister cultures from which these recordings were made demonstrates a substantial proportion of synthe variability of the AMPAR EPSC to that of the NMDAR EPSC and found that the variability of the AMPAR EPSC apses that express NMDAR puncta but lack AMPAR puncta ( Figure 7B , and see Rao and Craig, 1997). One was more than that of the NMDAR EPSC. This finding agrees with previous work in the hippocampal slice possible trivial explanation for the presence of NR1 We next compared the proportion of the NMDAR component in AMPAR-containing mEPSCs to the proportion (C) The average staining intensity of NR1 is similar in synaptic puncta with strong and faint staining for GluR1. Synapses were selected by the presence of high average NR1 intensity, and at these synapses, average GluR1 intensity was measured. We compared two classes of synapses. The first had the brightest 10% of GluR1 intensities and were clear NR1ϩ/GluR1ϩ. The second had the lowest 10% of GluR1 intensities. This population had GluR1 intensities no greater than the adjacent extrasynaptic dendritic regions and were nominally designated NR1ϩ/GluR1Ϫ. of the NMDAR component in the evoked response in the mEPSC and evoked EPSC because we found that there was a direct correlation between the size of the AMPAR same cell. The evoked EPSC contained a substantially larger contribution of NMDAR component than did the and the NMDAR components. We then went on to perform a detailed analysis of AMPAR-containing mEPSC, suggesting that there are NMDAR responses that are not associated with AMPAR mEPSCs from the single cell cultures. We found that while most events had a fast rising component followed mEPSCs but which nevertheless contribute to the evoked EPSC. It is unlikely that the failure to detect small AMPARby a slowly decaying component, (4) were selected by interactively setting a threshold intensity that detransfer ratio. The NMDAR/AMPAR charge transfer ratio for the fined the borders of the cluster to the observer. All clusters above evoked response was taken directly from the isolated components.
this intensity threshold that were apposed to synaptophysin puncta To obtain the proportion of NMDAR-only synapses with this method, were analyzed. The average intensity within each cluster was obwe compared the amplitudes of the evoked components and the tained for NR1, and then a mask was made of the image and applied unitary components and derived the ratio of the NMDAR to AMPAR to the paired GluR1 image to find the average intensity of GluR1 synapses in the evoked response. Because the evoked AMPAR staining in the same region. Background staining was estimated by amplitude is more sensitive to jitter in the summation of individual the level of fluorescence in a stretch of axon in the field and subsynaptic events, the proportion of NMDAR-only synapses calculated tracted from all intensity values for that image. Intensity values were with this method is likely to represent an overestimate. We obtained obtained from 811 clusters from six cells each from two independent similar results between small and large mEPSCs when comparing cultures. All cluster intensity values for a culture were normalized NMDAR and AMPAR peak amplitudes (data not shown).
by setting the highest intensity value to 1.
Rise Time Analysis Data Analysis
The rise times of mEPSCs were measured from the point of deviaResults are presented as means Ϯ SE. Data were compared statistition from baseline to the end of the smooth rising phase. Measurecally using the Student's t test, and significance was defined at p Ͻ ment to the peak of mEPSCs was avoided in order to maximize 0.05. To insure that the nonlinear scale inherent in a distribution detection of small, rapid events buried in the slow, noisy rising phase of ratios did not falsely generate significance, we also performed of the NMDAR component of the mEPSC. To optimize discrimination statistical analyses with the log of NMDAR/AMPAR ratios of between AMPAR and NMDAR mEPSCs, average NMDAR-only mEPSCs and evoked EPSCs. This did not alter the result, and the mEPSCs were only measured in cells with fast, sharply distributed p values for this comparison are those shown in the text. AMPAR mEPSC rise times. mEPSCs were stringently defined as NMDAR-only if their rise times exceeded the slowest rise time derived in APV by 2 ms. These NMDAR-only mEPSCs were aligned at Acknowledgments their point of initial rise and averaged. The mean NMDAR mEPSCs derived in NBQX with the same criteria used in selecting NMDARWe thank Dr. P. Best for the use of his electrophysiological setup. We would also like to thank members of the Nicoll and Malenka only events had identical 20%-80% rise times and similar kinetics to those of the average NMDAR-only mEPSCs thus derived (see labs and Dr. D. Kalman for many helpful discussions and Dr. M. Frerking in particular for suggesting the rise time distribution fit. We Figures 5 and 7) . The largest AMPAR mEPSC that could be buried in our average NMDAR-only mEPSC would be below our limit of thank H. Czerwonka for help in preparing the manuscript, C. Billante for preparing the autapses, and A. S. Serpinskaya for preparing the resolution even in the presence of APV (n ϭ 5).
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